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In this study, we analyze the performance characteristics of BIPV (Building Integrated Photovoltaic)
system of Climate Change Research Building of National Environment Research Institution which was
designed with the aim of zero carbon building. This building totaling 2449 m2 is consist of ﬁve labo-
ratories, PR (Performance Ratio) department, conference room and others, and the area of conditioned
space is 1668 m2. In addition, the remaining residual load was predicted to 99,200 kWh when load
reducing system was applied such as insulation, exterior shading device and lighting control.
BIPV system, which is consist of three modules; G to G (Glass to Glass), G to T (Glass to Tedlar/Crystal)
and Amorphous, has 116.2 kWp of total capacity, and is applied to wall, window, atrium and pagora on
roof.
After the completion of building, the total amount of energy consumption and the gross generation of
BIPV system were 104602.4 kWh and 105266.6 kWh through a year from April 2011 to March 2012,
respectively. It was evaluated to achieve zero carbon building because the energy surplus was
664.2 kWh.
 2013 The Authors. Published by Elsevier Ltd. All rights reserved.1. Introduction
Interest in zero-energy buildings is gradually increasing due to
global warming and depletion of fossil fuels. According to the
report of Pike research, the global market of zero-energy buildings
will rapidly increase over the next 20 years, and it is expected to be
worth about 690 billion dollars in 2020, and about 1.3 trillion
dollars in 2035 [1]. During this period, an average annual growth
rate is forecast to be 43%, and mainly EU countries are expected to
contribute to the growth of the zero-energy building market
signiﬁcantly. Due to such high international demand and necessity,BY-NC-ND license (http://
: þ82 42 280 2719.
Published by Elsevier Ltd. All righthe technology for zero-energy buildings has been developed
continuously.
The most important things are to introduce energy-saving
techniques which consider the characteristics of buildings and to
supply renewable energy effectively in order to implement the
zero-energy buildings. Speciﬁcally, energy-saving techniques have
been developed as the core technology to reduce heating and
cooling energy of buildings, and zero-energy buildings with this
technology need relatively more electrical energy as the usage of
thermal energy is reduced [2e4]. Since electricity has emerged as
an important energy source to implement zero-energy buildings,
the technology of renewable energy sources including solar, wind,
fuel cells, etc. has constantly advanced to produce and consume
electricity in buildings on its own. The production system of
renewable energy in small and medium-sized buildings is, how-
ever, limited to the photovoltaic system in the currently developedts reserved.
Nomenclature
A area of array [m2]
EAC AC energy output to the grid per year [kWh/year]
EDC array DC energy output per year [kWh/year]
FEL facility total energy load met by PV production
[kWh/month]
GI reference irradiation (1000 W/m2)
HId total in-plane irradiation per year [kWh/m2/year]
LC capture loss [d/h]
LS system loss [d/h]
NE reference array efﬁciency [%]
NTotal overall system efﬁciency [%]
PR performance ratio [%]
TFE total facility energy use [kWh/month]
YA array yield [d/h]
YF ﬁnal yield [d/h]
YR reference yield [d/h]
Fig. 1. Panoramic view of Climate Change Research Center.
Table 1
Architectural overview of Climate Change Research Center.
Floor Facility Category Purpose Area (m2)
Basement Common Mechanical room,
electrical room,
generator room,
control room
521.6
First ﬂoor Promotion Showroom 280.7
First ﬂoor Promotion International
conference room
431.4
First ﬂoor Promotion Information,
situation room
18.0
First ﬂoor Promotion Storehouse 11.3
First ﬂoor Common Restroom 22.6
First ﬂoor Common Hall 138.3
First ﬂoor Common EV 28.3
First ﬂoor Common Windproof room 28.3
Second
ﬂoor
Research Laboratory 412.1
Second
ﬂoor
Research Resource center 42.7
Second
ﬂoor
Research Conference room 92.0
Second
ﬂoor
Research Small meeting room 22.8
Second
ﬂoor
Research Resource archive 56.1
Second
ﬂoor
Research Staff lounge (M, F) 30.4
Second
ﬂoor
Common Restroom 22.6
Second
ﬂoor
Common Hall 153.6
Second
ﬂoor
Common EV 164.9
Second
ﬂoor
Common Hallway 164.9
Second
ﬂoor
Common Staircase 164.9
Gross ﬂoor
area
2449.2
J.B. Lee et al. / Energy 66 (2014) 25e3426technology level, so the research and dissemination for BIPV
(Building Integrated Photovoltaic) system combining a building
with the power generation system has been continuously
expanding.
In this study, the power generation characteristics of the BIPV
system and the energy self-sufﬁciency rate with the building load
are analyzed through the experimental research on the BIPV sys-
tem of the Climate Change Research Center designed to be a zero-
energy building. The purpose of this research is to provide the
reference data for the installation of a BIPV system to be the zero-
energy building in the future.
2. Construction status of Climate Change Research Center
Fig. 1 and Table 1 respectively show a panoramic view and
architectural overview of the Climate Change Research Center
located in Gyeongseo-dong, Incheon-si and designed as two ﬂoors
above ground and one underground building. Total ﬂoor area of the
building is 2.449 m2 and there are laboratories, conference room,
small meeting room, resource center, staff lounge, international
conference room, lobby, and showroom for the promotion of
carbon-zero buildings and external events.
If each room is classiﬁed by type of heating and cooling system,
the area for both heating and cooling, heating-only area, and non-
heating and cooling area are 1677.9 m2, 45.2 m2, and 726.1 m2,
respectively.
The ﬂoor plan of the Climate Change Research Center is shown
in Fig. 2, and the positioned shape is a south-facing rectangle to
minimize the heat loss and to secure enough space for installation
of facility of renewable energy using solar energy. Especially, the
horizontal and inclined photovoltaic systems with a pergola shape
are applicable on the roof.
In addition, the hot water heating system as well as the heating
and cooling system is composed of a photovoltaic and a geothermal
heat pump system, therefore only electricity as every energy source
in the building is used.
3. BIPV system
Table 2 shows the speciﬁcations of the module installed in the
building, and they consist of GtoG (Grass To Grass), GtoT (Glass to
Tedlar/Crystal), and transparent types with 4 polycrystalline mod-
ules and 1 amorphous module. The maximum capacity among
installed modules is 213 Wp with the highest efﬁciency of 11.65%,and other polycrystalline modules represent 8e10% efﬁciency.
Some transparent thin-ﬁlm modules with low efﬁciency are
applied to consider the light of the building.
As described above, a total of 871 modules of 5 different types
are installed in the building, and 15 arrays on the 1177.9 m2 of
installation area are connected by module type and installation
location. The detailed speciﬁcations of installed solar cell array are
shown in Table 3, and installation location is indicated in Fig. 3.
Letters and numbers in Fig. 3 show the number of array connected
to each inverter.
Fig. 2. Floor plan of Climate Change Research Center.
J.B. Lee et al. / Energy 66 (2014) 25e34 274. Overview for installation of data monitoring system
Fig. 4 shows the schematic diagram for the electrical system and
the monitoring system of the Climate Change Research Center, and
each data is collected by 15 photovoltaic inverters connected with a
power monitoring module bus to investigate the generating char-
acteristics of individual array, and a watt-hour meter for measuring
the total amount of generated energy added in front of a trans-
former where power generated from inverters is gathered. A pyr-
heliometer, thermometer, hygrometer, etc. are also installed to
collect the data needed for a detailed analysis of BIPV system, and a
watt-hour meter for building usage and the amount of power that
sends and receives power systems is also installed. Sensors
described above are connected to the integrated management
system to collect and manage data in real-time.Table 2
Speciﬁcations of installed module.
Type Polycrystal Amorphous
Voc 7.6 25.5 30.6 34.5 91.8
Vmp 5.3 17.8 21 26.1 66
Isc 8.92 8.92 8.92 8.92 1.09
Imo 8.17 8.17 8.17 8.17 0.75
Efﬁciency (%) 8.32 8.14 9.77 11.65 5.3
Capacity (W) 43 145 171 213 505. BIPV system performance analysis
5.1. Data analysis period
Data analysis interlocked with climate change was performed
for 1 year from April 1, 2011 to March 31, 2012. However, data could
not be collected for a total of 19 days, including 2 days that the
power was down to check electric power and 17 days that the
monitoring systemwas unexpectedly down. However, that did not
affect total amount of produced power, since the amount of inte-
grated power in the power system measured at inverters and the
watt-hour meter was operated even during periods when themonitoring program did not work. Daily data ﬁles for 347 days
(excluding those 19 days) total 9722, and total 10,553,760 in
entirety.
5.2. Data analysis method
Analysis procedure of BIPV systemwas conducted in accordance
with IEC standard 61724 [5], and comparative evaluation on the
load of buildings by generated characteristics of BIPV system used
the equation of NREL/TP-550-38603 October 2005 [6].
Capture loss (LS) utilized as a performance evaluation index is
used to indicate the loss caused from the mismatching of MTTP
(Maximum Power Point Tracking) control, partial shading, module
temperature, cable loss, the angle of installation, etc., by analyzing
the difference between the amount of generated power in the STC
(Standard Test Condition) and actual amount generated.
LC ¼ YR  YA (1)
Table 3
Detailed speciﬁcations of installed solar cell array.
Inverter
number
Module
type
Tilt angles Module
area (m2)
Module
capacity
(Wp)
Module
quantity
Total
area (m2)
Total capacity
(kWp)
Inverter
capacity (kWp)
INV_1 GtoT 90 1.84 171 12 22.08 2.052 3
INV_2 GtoT 90 1.84 171 12 22.08 2.052 3
INV_3 GtoT 90 1.84 171 13 23.92 2.223 3
INV_4 GtoT 90 1.77 213 10 17.7 2.13 3
INV_5 GtoG 0 1.41 145 18 25.38 2.61 3
INV_6 GtoG 0 1.41 145 18 25.38 2.61 3
INV_7 GtoT 30 1.41 145 16 22.56 2.32 3
INV_8 GtoT Tracking 0.53 43 32 16.96 1.376 3
INV_9 Amorphous 0 0.93 50 32 29.76 1.6 3
INV_10 Amorphous 90 0.93 50 52 48.36 2.6 3
INV_11 Amorphous 90 0.93 50 52 48.36 2.6 3
INV_12 GtoT 30 1.41 145 70 98.7 10.15 11
INV_13 GtoT 90 1.77 213 66 116.82 14.058 15
INV_14 GtoG 90 1.41 145 160 225.6 23.2 25
INV_15 GtoG 0 1.41 145 308 434.28 44.66 45
Total e e e e 871 1177.94 116.241 129
J.B. Lee et al. / Energy 66 (2014) 25e3428Also, system loss (LC) is an important evaluation factor used if
the performance degradation takes place when the inverter
converts DC power produced in the module to AC power is
analyzed [7].
LS ¼ YA  YR (2)
PR (Performance Ratio) is the ratio of the actual and theoreti-
cally possible energy outputs, and is used for evaluating the
generating performance degradation of PV system caused by
several reasons, including PCS (Power Control System) loss of actual
PV system, the effect of partial shading, mismatching, etc. [8,9].
PR ¼
YF
YR
(3)
If the PR value is greater than 80%, it has good generation per-
formance generally, and if less than 70%, the failure or defect ofFig. 3. Installation detacomponents related to PV system and the problems of installation
conditions or construction issues can be suspected. The efﬁciency of
the module (Ntotal) as a fundamental evaluation factor indicates the
performance of PV system by comparing the solar radiation on the
installed area and the actual output.
Ntotal ¼
EAC
HIdA
(4)
Independence rate of building installed BIPV system (FEL) is also
an important factor to evaluate the performance of zero-energy
buildings by comparing the amount of photovoltaic power
generation.
FEL ¼
EAC
TFE
(5)ils of solar module.
Fig. 4. Schematic diagram for electrical system and the monitoring system in CCRC.
Fig. 5. Amount of monthly power generation.
Fig. 6. Average monthly ﬁnal yield, capture and system losses averaged over all array.
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Fig. 7. Capture losses of PV Array (parenthesis below indicates inclination of installation, TR is tracking mode, and AP is amorphous silicon).
Fig. 9. Photo of horizontal PV installed on the roof.
J.B. Lee et al. / Energy 66 (2014) 25e3430In addition, the necessary equations to analyze the performance
on this paper are summarized as follows:
YA ¼
EDC
PO
(6)
YF ¼
EAC
PO
(7)
YR ¼
HId
GI
(8)
5.3. Analysis of power generating performance for PV
Fig. 5 shows the amount of power generation in the building
from April, 2011 to March, 2012 monthly. The monthly average
amount of generationwas 8772 kWh, while the cumulative amountFig. 8. Daily efﬁciency of INV-15 vs. precipitation.
Fig. 10. Thermal destruction of thin-ﬁlm PV system.
Fig. 11. Comparison of daily power generation in INV-10 and INV-11.
Fig. 12. Analysis of power generation for INV-3 and INV-10.
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Fig. 13. Solar radiation per unit area vs. amount of output of INV-10 and INV-3.
J.B. Lee et al. / Energy 66 (2014) 25e3432for 12 months was 105,267 kWh. The month with the least
generated amount (5680 kWh) was July. This is because July in
Korea’s climate corresponds to the rainy and typhoon season due to
solar radiation falling signiﬁcantly with the extended rainy season.
This was especially true in 2011. The month with the highest
generated amount (10,864 kWh) was October, up 1.9 times
compared with that in July.
Annual capture losses, system losses, and ﬁnal yield of PV system
recorded by each inverter is shown in Fig. 6, and the range for each
inverter and the average system losseswere 0.14 d/hw 0.31 d/h and
0.23 d/h, respectively. According to the analyzed results, the con-
verting performance from the generated DC to AC power for each
inverter was not much different. For the case of capture loss, how-
ever, therewas a large difference in the range of 0.21 d/hw 1.81 d/h.
Fig. 7 displays from left the least to the greatest capture loss by
array, and it is known that the arrays with less than 1 d/h of capture
loss are all crystalline modules installed with 30 and 90, and the
arrays with more than 1 d/h are the arrays installed with 0,
tracking mode arrays, and thin ﬁlm transparent modules.
Based on the results above, the reason for performance degra-
dation of BIPV system installed in the building was analyzed. Fig. 8
shows that INV-15 array installed on the horizontal plane of
photovoltaic module was compared in September and October,
2011 by daily array performance and precipitation.Fig. 14. Annual efﬁciency for each inverterAs shown in Fig. 8, the efﬁciency of module deceased with time,
and then increased when precipitation occurred.
The efﬁciency temporarily increased from 6.0% of the previous
day to 7.6%, especially on September 29, which saw the greatest
precipitation, and the reason is that the efﬁciency of the module
cleaned by rain increased. Fig. 9 shows the horizontal module is
contaminated by dust.
The vertical thin-ﬁlm photovoltaic module broken by heat wave
is shown in Fig. 10.
Fig. 11 indicates the amount of daily power generation and the
difference of the amount of generation for INV-10 and INV-11 array
in December when the heat wave occurred. Two arrays installed
with 90, facing south, and having identical module and capacity
showed the similar amount of generation by the 15th of December,
and then the amount of generation from INV-11 array dramatically
dropped after the 15th of December when the heat wave occurred.
Therefore, it is known that the generation efﬁciency is substantially
degraded by the module destruction.
Both INV-3 array of polycrystalline module with 2.223 kWp and
INV-10 array of amorphousmodulewith 2.6 kWp are installed under
the same conditions, facing south and perpendicular. Fig. 12 shows
that the amount of power generation of INV-3 and INV-10 are
compared for 3 days from October 1e3, 2011. If both arrays were not
affected by shading, and the efﬁciency of amorphous module is
usually less degraded thanpolycrystalline [10], the normal amount of
power generation of INV-10 should be higher than INV-3. It can be
known that the amount of generation of INV-10with higher capacity
than INV-3, however, is considerably low compared to INV-3.
In Fig.13, the amount of output per kWp and the amount of solar
radiation per unit area for INV-3 and INV-10 are compared for the
same period in order to investigate the cause of output degradation
of the thin-ﬁlm module. The amount of generation for INV-3 of
crystalline was proportional to the solar radiation, while that for
INV-10 of thin-ﬁlm was signiﬁcantly low. Also, the responsiveness
for the solar radiation was irregular. Several possible causes
including wire loss, transmittance degradation, PCS (Power Control
System) loss, etc. can be assumed as the likely causes for the output
degradation of the thin-ﬁlm module, but the control problem of
MPPT (Maximum Power Point Tracking) for an inverter is estimated
in this system with the results of the responsiveness for the solar
radiation. Since the amorphous module has the properties to
respond simultaneously to both the diffused and the direct solar
radiations, the inverter complied with MPPT control should have
been separately installed [7]. If the amorphous module is used,and PR (STC: Standard Test Condition).
Fig. 15. Total energy usage in the test building.
Fig. 16. Comparison of monthly energy consumption and production with annual cumulative energy consumption and production.
J.B. Lee et al. / Energy 66 (2014) 25e34 33however, it is considered that the control properties of the amor-
phous module were not properly taken into account because in-
verters used in the test building for amorphous and polycrystalline
modules were identical.
Annual PV power generation efﬁciency for each module char-
acteristics and PR are shown in Fig. 14. As the results of comparison
of power generation efﬁciency for array in the standard test con-
ditions and for inverter AC converting systems, the worst perfor-
mance of power generation was shown in INV-11 array in which a
thin-ﬁlmmodulewas installed horizontally, and the highest PRwas
shown in INV-12 of GtoT type in which a 145 Wp module was
installed with 30 inclination.
5.4. Building load analysis by PV power generation performance
As shown in Fig. 15, it is known that energy usage in winter
(November w March) and summer (June w September) seasons
which require heating and cooling is quite distinct from non-
heating and cooling seasons. Further, monthly usage in October,
which required neither heating nor cooling, showed the lowest
total of just 5597.9 kWh. The highest energy consumption during
the test period is shown in February, 2012 with 12,550 kWh, andthe reason why February usage was greater than January is that
there were more closed days in January than February.5.5. Energy self-sufﬁciency rate of test building
Comparison of monthly energy consumption and production
with annual cumulative energy consumption and production is
shown in Fig. 16. It indicates that the total amount of energy
consumed in the test building is 104602.4 kWh which is less than
the amount produced from photovoltaic system, which totaled
105226.6 kWh. Therefore, the ﬁnal energy self-sufﬁciency rate
is 0.62%, and energy surplus of 664.2 kWh is reported, which
means the goal of zero-energy building is achieved.6. Conclusions
In this study, the characteristics of power generation of BIPV
system and the building load and the energy self-sufﬁciency by
generation characteristics were investigated by monitoring the test
building constructed to achieve carbon-zero emissions for 1 year.
The results are as follows:
J.B. Lee et al. / Energy 66 (2014) 25e3434(1) The total amount of power generation of BIPV system installed
in the Climate Change Research Center was 105,267 kWh, and
the amount of monthly average generationwas 8772 kWh. The
difference of electricity production between the minimum
production of July and the maximum of October was up to 1.9
times.
(2) As a result of system loss analysis, DC and AC converting per-
formance of inverters installed at each module didn’t show
much difference, while capture loss results indicated that there
was a lot of difference by the installation location and type of
module.
(3) Three major causes affecting capture loss are the contamina-
tion of the horizontal module, the thermal destruction of the
thin-ﬁlm PV system, and the reduction of efﬁciency by instal-
lation of inverters that do not take into account module
characteristics.
(4) Based on the PR analysis results, the worst array causing
reduction of generation performance was INV-11, in which the
thin-ﬁlmmodule was installed horizontally, and the highest PR
was shown in INV-12, in which the GtoT type 145 Wp module
was installed with 30 inclination.
(5) The total amount of consumed energy in the test building was
104602.4 kWh, and the total amount of produced energy in the
photovoltaic system was 105226.6 kWh. Therefore it is
considered that energy self-sufﬁciency was achieved. There-
fore, the ﬁnal energy self-sufﬁciency rate is0.62%, and energy
surplus of 664.2 kWh is reported, which means the goal of
zero-energy building is achieved.
According to the results above, the power generation perfor-
mance of BIPV can be affected by various causes, unlike common PV
systems [11], and these results can be used as the reference forfuture studies related to improving the performance of BIPV system
for the purpose of zero-energy buildings.
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